Background
Cells are sensitive to forces, stiffness and adhesion [1] such as the stresses (forces) and strains (deformation) of their environment [1] , [2] ; therefore, cells can respond to internal as well as external forces, detecting the mechanics of interacting substrates will generate internal forces which depend on the mechanical properties of the cell [3] . These mechanical properties of cells have been of interest [2] , [4] in the understanding of certain pathological disorders including cancer, osteoporosis, atherosclerosis, and osteoarthritis [3] . As these stresses and strains exerted on cells can generate signals similar to chemical stimuli which initiates cell growth, promoting cell survival and differentiation, as well as apoptosis [1] .
Articulating surfaces of medical implants, resulting from total joint replacement surgeries, generate a large number of particles as a result of wear process over time [5] . Damage from wear can directly affect the implanted device causing loss of tolerance, friction and therefore the expected longevity of the device is minimised [6] . wear particles also initiate an immune response inducing aseptic loosening, and osteolysis [6] - [8] . The cellular mechanism of the response to wear particles involves macrophages, monocytes, osteoblasts, and osteoclasts cells [9] - [10] . The issues highlighted have an inherent affect disrupting the normal bone remodelling process and implant acceptance [11] , [12] .
Disruptions commonly occur due to the uptake of nano-sized metal particles to surrounding cells which are biologically active causing greater inflammation, DNA and chromosome damage, cytokine release and cytotoxicity in cells than their micro-sized counterparts [8] , [13] - [15] ; and has been recognised as a current problem in orthopaedic implants as metal-on-polyethylene and metal-on-metal (MoM) implants generate large numbers of particles (such as cobalt chromium, titanium, and polyethylene) [12] , [16] , [17] .
Osteoprogenitor cells have been implicated as another target in particle-mediated osteolysis [18] - [22] . Multipotent mesenchymal stem cells (MSCs) in trabecular bone [23] - [24] and adjacent to implants have osteoprogenitor activities and are critical contributors to maintaining osseous tissue integrity. Perturbation of MSC osteogenic activity may thus affect bony ingrowth and interface stability, leading to increased risk of loosening.
While many studies have focused on the effect of particles on macrophages [25] or osteoprogenitor cells [18] - [19] , in terms of reduced osteogenic differentiation and proliferation and enhanced apoptosis, differential and combined effects of cell mechanical properties after exposure to wear particles have not been studied. The cell cytoskeleton, to a large extent, is responsible for the structural and mechanical integrity of cells and takes an active role in signalling pathways (i.e. mechanotransduction). Thus, any changes in the cell structure will result in changes to the mechanical properties of the cell and consequently its functionality. Hence, the ability to measure mechanical properties of cells at different levels, in particular the nano-level, might be considered a powerful method to assess cell and tissue functionality. Recently, there has been a significant increase in number of studies investigating mechanical properties of cell/tissue [26] , [27] . Investigations of the impact of diverse physiological conditions on the mechanical properties of various cells, expressed mainly as stiffness, and quantified by the Young's modulus have given us a new understanding of the cell; leading to discoveries of complex pathways that govern cell responses and functionality [28] - [30] .
In this study, we hypothesised that exposure to cobalt and titanium nanoparticles will modify MSC cells nanomechanical and adhesive properties. Therefore, the aim of this study was to directly quantify the elasticity, turgidity and adhesiveness of MSCs after exposure for different periods of time to cobalt and titanium nanoparticles of various compositions, sizes and charges employing AFM. The findings from cell nanomechanical and adhesive properties also were complemented by cells viability and metabolic activity studies.
Methods

Cell Culture
28 days old, male Wistar rats were obtained from the colony maintained by Charles River European Suppliers (Charles River UK Ltd., Kent, UK). The animals were housed with free access to water and were maintained with treatment and care protocols conformed to UK Animals (Scientific Procedures) Act 1986, accordance to the European Convention for the Protection of Vertebrate Animals Used for Experimental and Other Scientific Purposes (Strasbourg, Council of Europe). Rats were sacrificed by schedule 1 procedures of culling and harvest of tissue by a trained and licenced technician. The appropriate procedures and measures were employed in all cases to minimize animal suffering, adverse effects and any pain, suffering, distress or lasting harm according to the Home Office Code of Practice "Hu a e killi g of a i als u der S hedule 1 to the Animals for Scientific Procedures act.
Bone marrow stem cells were isolated from rat femur and humerus, using plastic adherence [31] , followed by fibronectin adherence techniques [32] . After 7 days, merged colonies were expanded (passage 0). The cells were routinely ultured i α-MEM (Life Technologies), supplemented with 20% (v/v) FBS, 1% (v/v) of solution penicillin (5000 U/mL) and streptomycin (5000 mg/L) (Gibco Invitrogen) and 1% (v/v) of L-ascorbic acid 2-phosphate solution at 50 mg/ml (Sigma, UK). Accutase (Gibco Invitrogen) was used when cells were 70% confluent in order to passage and count. The cells were maintained at 37° C in a humidified atmosphere containing 5% CO2.
For atomic force microscopy experiments, cells were seeded in 24-well plates at a density of 6000 cells per well and cultured for 24 hours on sterilised polystyrene slides placed inside the well before exposure to nanoparticles. For each type of nanoparticles a stock solution of the nanoparticles suspended in culture media was prepared at 5 mg/ml and appropriate amount was added to each well to reach final concentrations of 5; 12.5; 25 and 50 µg/ml and incubated from 24h up to 3 days. Control samples consisting of cells not exposed to nanoparticles and cultured in the same conditions were used for comparison with treated cells.
Nanoparticles
Commercially available nanoparticles were obtained of various sizes and compositions from Sigma Aldrich, UK. For cobalt (Co) nanoparticles (NPs), two samples were employed: All nanoparticles were weighed and suspended in α-MEM medium to make a stock suspension of nanoparticles of 5mg/ml. From this stock solution, a number of nanoparticles concentrations (5µg/ml; 12.5 µg/ml; 25 µg/ml and 50 µg/ml) were prepared.
Metabolic activity assay
MTT assay was used to determine the effects of the metal nanoparticles on MSCs metabolic activity. After the chosen exposure to nanoparticles, the media was replaced with phenol red-free medium and 80 µl of MTT stock solution (5mg/ml) was added to each well and incubated at 37 o C in humidified atmosphere containing 5% CO2 for 2 hour. The metabolised formazan was re-suspended with 800 µl of dimethyl-sulfoxide (DMSO). 200 µl were transferred to a 96-well plate absorbance at 560nm was read using a spectrophotometer (ELISA Reader Labtech LT-5000MS). All experiments were performed in triplicates with each nanoparticles concentration as well as a control sample of cell suspension not exposed to nanoparticles.
Flow-Cytometry
Viability of MSC after exposure to nanoparticles was determined using LIVE/DEAD® Viability/Cytotoxicity Kit, for mammalian cells (Life Technology, UK) through flow-cytometry.
Two fluorescent stains were used: calcein-AM (Ex 480nm / Em 520nm) and ethidium homodimer-1 (Ex 520nm / Em 615nm); the former returns green fluorescence when interacting with living cells; whilst the later binds to nucleic acids with red fluorescence only through the compromised membrane as it is cell impermeant.
BD FACSVerse TM was used; after the chosen exposure time elapsed; cells were washed with PBS and trypsinised then re-suspended in sterile PBS. 1 ml of this cell suspension was placed into Eppendorf and centrifuged at 24 0 C, for 5 minutes at 1800 rpm (363 g). The supernatant was removed and the pellet of cells in the Eppendorf was resuspended in PBS. 7 l of both dye solutions, prepared as manufactured recommended were added; then cells were vortexed and left for at least 15 minutes in the dark; after 15 minutes the samples were again centrifuged. Post this centrifugation, the supernatant was removed and the cells resuspended in PBS, all samples were transferred to FACS tubes prior to sampling. Data collected were then analysed using FlowJo software (LLC, Data Analysis Software, Oregon, USA) to generate four quadrant plots.
Fluorescent Microscopy
MSCs were stained with Fluorescein Diacetate (FDA; 4 mg/ml in PBS) and Propidium Iodide (PI; 40 mg/ml in PBS), after for 3 min in the dark they were rinsed in fresh PBS. Images of the cells were taken with an Epifluorescent microscope (Leica DM, IRB) using a 10X objective.
Cell viability assessment was possible as FDA stained viable cells in green and PI stained nonviable cells in red.Cell nanomechanical properties measurements All AFM force measurements were conducted in an open liquid cell as described in [33] , using PBS as the aqueous phase. A triangular tipless cantilevers (Bruker, UK) with a nominal spring constants (Kcantilever) of 0.1 N/m was used; the actual spring constant of the AFM cantilever was determined using the Sader method [34] , [35] . Borosilicate glass beads (10 m in diameter) were glued onto the cantilever and served as cell indentors. In order to prevent indentations depth greater than 400-500 nm, the maximum applied load was set, after preliminary tests, to 1 nN or 2 nN depending on the samples. At least 15 cells were analysed for each sample, at each concentration and at each time point (24, 48 , and 72 hours). Cells were first located and then at least 20 approaching and retracting z-piezo coordinates vs. deflection curves were extracted from randomly selected points on the surface of each cell avoiding the peri-nuclear region. Experiments were performed in triplicates.
Cell elasticity and turgidity determination
The approaching part (trace) of the AFM curves was used to calculate the nanomechanical properties of the cells. The Young modulus of the cell surface location under investigation was determined fitting the Hertz model (Eq. 1) to the first part of the indentation vs. force curve after contact between AFM tip and cell surface. The spring constant of the cell surface in the location probed was determined through the slope of the curve after the Hertzian regime according to:
Where: Both models require the determination of the separation between cell surface and AFM tip (), this was calculated from the coordinates (z-piezo) of the trace curve assuming that the point of contact corresponded to the local minimum of force; from this:
Where: Both Eq. 1 and 2 were fitted to the data using the least squares method through an in-house written FORTRAN code.
Overall surface heterogeneity of nanomechanical properties was studied through the spatial distribution of E and P0.
Cell Adhesion force
The adhesion forces between a cell and AFM tip were determined as the minimum value of the retracting (retrace) part of the AFM curve.
Cell metal uptake quantification
Quantification of the cells uptake of the metal nanoparticles was gained by using inductively coupled plasma-mass spectroscopy (ICP-MS). All media was removed from each well, cells were washed twice with sterile PBS, and 500l of sub-boiled nitric acid (50 % v/v) was added to each well. The 24-well plate was then placed in an incubator for 24 hours at 60°C in order to digest the cells. After 24 hours in the incubator, from each well 400l of the solution was transferred into a 15 ml polypropylene tube and filled to a total volume of 8 ml with Milli-Q water. ICP-MS analysis was carried out at sample rate of 1.5ml/min and at characteristic wavelengths of 288.616 nm and 334.940 nm for cobalt and titanium ion determination respectively on the Optima 2100DV OES (Perkin Elmer, Waltham, MA, USA) against the Primar 28 element standard.
All experiments were performed independently at least 3 times, and each experiment comprised 3 parallel samples. Results are given as mean ± standard deviation.
Statistical analysis
Comparison of the effect of Ti and Co nanoparticles on mechanical properties of MSCs was performed through ANOVA test followed post hoc y Tukey s test i di idual pairs of data sets (p<0.05). Adhesion forces were compared using the Kruskal-Wallis test followed post hoc ith a Du s test for i di idual pairs of data sets. Statisti al analysis was performed using SPSS.
Results
Metabolic activity
MSC metabolic activity, as assessed through MTT, declined with time over a period of 72 hours regardless of nanoparticles exposure as the control metabolic activity also reduced with time ( Figure 1 ).
After 24 hours exposure ( Figure 1) at each of the concentration tested, Ti 100nm had the greatest impact on the metabolic activity at each concentrations tested (p<0.05) whilst Ti 30nm and Ti 25nm returned a lower metabolic activity for concentration greater than 12.5 g/ml; furthermore the effect was monotonically growing with growing concentrations.
However, after 48hours Ti 25nm demonstrates a significant impact on the overall metabolic activity. The effect was also concentration dependent, but at the lowest concentration tested, non statistically significant differences were detected compared to MSCs not exposed to nanoparticles (p>0.05). Titanium nanoparticles decreased the cell metabolic activity at concentrations greater than 12.5 g/ml (Figure 1 ) irrespectively of the particles size. Only after 48 hours of exposure the size had an impact on cells viability; the smallest nanoparticles gave the lowest viability and the largest (100 nm) are the highest. After 72 hours in contact with Ti nanoparticles, MSCs had the same metabolic activity as the cells not exposed to such particles (p>0.05).
Elemental Co had a lower value of viability compared to the bigger Co 50nm particles after exposure for 24 hour at concentrations higher than 5 g/ml (p<0.05) (Figure 1) . Moreover, the concentration of both types of nanoparticles did not influence the metabolic activity over the range tested (p>0.05). The same was observed after 48 hours for Co 30nm and for Co 50nm.
Similar to case with Ti nanoparticles, MSCs had the same metabolic activity, as the cells not exposed to Co nanoparticles after contact for 72 hours regardless of the size, concentration and composition (p>0.05).
Cell structural integrity
Evidence that the cell membrane integrity was not compromised by any type (composition and size) of nanoparticles, regardless of the concentration, could be seen from the results of flowcytometry (Figure 2 ). These demonstrate that the cell population was almost entirely comprised by cells exhibiting high green fluorescence, related to calcein AM uptake, and low red fluorescence, related to ethidium homodimer-1, at any exposure time for any of the particles tested.
Epifluorescent microscopy images (Figure 3 ) confirmed that MSC population was almost entirely viable after exposure to Co nanoparticles; images also suggested alterations in the structure of MSCs after exposure to Co nanoparticles in comparison with control samples.
Nanomechanical properties
Cell elasticity and spring constant were estimated through modelling the two parts of the AFM indentation curve (Figure 4) . The initial part of the indentation followed the Hertz model, whilst with greater indentation the force vs. indentation curve appeared linear.
MSC nanomechanical properties (elasticity and spring constant) were normally distributed.
The elasticity of MSCs not exposed to nanoparticles ( Figure 5 ) after 24 hours was about 20 kPa and decreased to about 15 kPa after 2 days and about 10 kPa after 3 days. MSCs generally exhibited a decrease in elasticity (E) as the concentration of titanium nanoparticles increased, even the smallest concentration of 5g/ml had a significant effect on the cell elasticity ( Figure 5 ) after 24 hours of exposure regardless of the titanium nanoparticle type. Moreover, no difference was recorded at concentration greater than 25g/ml (p>0.05).
With increasing contact time (48 hours) only Ti 100nm reduced the cell elasticity compared to MSC unexposed to particles and after 72 hours no difference was recorded in cell elasticity between control samples and exposed to any of the Titanium nanoparticles regardless of the concentration (p>0.05). 
Metal uptake
Greater uptake was recorded with increasing concentration; increasing exposure time resulted in higher uptake for lower nanoparticles concentration (Figure 7) . The composition of the particles seemed to be more important than the size as Ti 25 and 100 nm had similar uptakes while Ti 30 nm had generally lower metal uptake.
Similarly with Co, uptake increased with increasing concentration and over time again with the greatest uptake reached after 48 hours; additionally Co 50nm demonstrated the highest uptake at each time point and concentrations (p<0.05).
The main difference between the elements was that Co uptake was about an order of magnitude higher than Titanium.
Cell adhesion forces
Generally, MSC exposed either to both types of Co and Ti nanoparticles or not exposed to any nanoparticles exhibited a spatial distribution of the adhesion forces on the cell surface that did not follow a Gaussian distribution (Figure 8) . No variation in the adhesion forces was detected for the control samples with increasing time; the median was in all three cases about 0.9 nN.
Ti nanoparticles generally did not cause variation in the adhesion forces of MSCs for exposure up to 2 days regardless of the size and composition (Figure 8 ) as the distributions of forces were not significantly different from the respective control. Instead, after 3 days of exposure to any of the Ti nanoparticles tested, MSCs exhibited smaller adhesion forces that MSCs that were not exposed to Ti nanoparticles even at the lowest concentration used in this work.
For cobalt nanoparticles (Figure 8 ) after 24 hours exposure there was not much difference in the lower quartiles, however, there was a general decrease in mean adhesion values with increasing concentration with the lowest value at 25 g/ml for both Co 30nm and Co 50nm.
Furthermore, the distribution of adhesion forces was narrower for the two greatest concentration of nanoparticles tested. After 48 hours, the range of adhesion decreased for the control but the median remained almost unchanged. Largely, there was a decrease in overall adhesion with increasing concentration similarly to that at 24 hours. However, Co 50nm increased in adhesion at 50 g/ml; and unlike 24 hours, Co 50nm had a smaller range of adhesion compared to Co 30nm except for the highest concentration. MSCs exposed for 72 hours a similar pattern was observed for the overall adhesion forces that as the concentration of nanoparticles increased the adhesion decreased.
Discussion
MSCs in trabecular bone [24] and adjacent to implants have osteoprogenitor activities and are critical contributors to maintaining osseous tissue integrity. Perturbation of MSC osteogenic activity may thus affect bony ingrowth and interface stability, leading to increased risk of loosening. It has been observed that exposure to metal wear particles results in reduced osteogenic differentiation and proliferation, and enhanced apoptosis in human MSCs [18] - [19] . Arthroplasty devices can be made from ceramic, metal or plastic materials. Titanium, cobalt and their oxides are the common materials used, the size, composition and concentration range of the wear particles resulting from these devices have been determined from retrieval studies and found to be around 50 nm for Co and up to few hundreds nanometers for Ti [36] ; therefore the particles used in this study are a good model to study the effect of wear debris produced by joint replacement devices.
The results of the MTT assay, that is based on cellular oxido-reductase enzyme activity, revealed that MSC exposed to nanoparticles had a lower activity ( Figure 1) ; however, this did not result from the presence of structurally damaged/non-viable cells as demonstrated by the flow-cytometry data (Figure 2 ). On the other hand, epiflurescent microscopy showed the morphology of the cells to be altered (bleeping) (Figure 3 ), these alternations are likely linked with the changes in the mechanical properties measured using AFM ( Figure 5 and Figure 6 ). The metal nanoparticles used in this study had a similar effect on metabolic activity of mouse osteoblast cells [27] . Nonetheless, in osteoblast cells reduced metabolic activity was still recorded after 3 days of exposure to nanoparticles while in the MSC employed in this work did not exhibit this as effects were detected only after in the first two days of exposure (Figure 1 ).
It has ee re og ised that the ell s e ha i al properties ha e a role i the fate of the ell and affect a number of cell functions such as its differentiation [37] , [38] , ageing and diseased state [39] , [40] . The structural integrity and the mechanical behaviour of cells are mainly controlled by the cell cytoskeleton and actin filaments organisation. This is the first time that AFM nanoindentation was applied to the investigation of the responses of MSCs to metal wear particles to identify the role of parameters such as particles size and composition and concentration; usually such investigations are limited to the determination of cytokine production, DNA damage or gene expression. Titushkin et al. (2006) [41] studied the membrane properties of mesenchymal stem cells and observed that normal cells had a spring constant anywhere between 0.001-0.1 N/m [41] , this correlates well with the values measured in our study using the AFM for all control cells [42] , [43] . Such variations can also be attributed to different fitting procedures; we modelled only the initial part of the indentation curve with the Hertz model as it is valid only for small indentation depths (up to about 200 nm). This is a consequence of the fact that it was formulated with the assumption is of semi-infinite material; in order to operate when this assumption is still valid, an indentation depth of no more than 5-10% of the average cell height was suggested [44] . At greater indentation depths, a well-known linear relation between indentation depth and force was found and the slope of such relation determined (spring constant). The values of cell elasticity found here are slightly higher than in other works [44] , [45] , where few kPa, were found; this could be a consequence of the different type of cells and growing conditions; however, in some of these works [46] Endocytosis of titanium or cobalt particles has been suggested as possible mode of wear particles action on MSCs [47] , [48] . Cytoskeletal disruption is thus a likely cause of the inhibition of cellular functions, although the exact mechanisms remain to be analysed [19] . Furthermore, the decrease of metabolic activity (Figure 1 ) of MSCs with longer exposure times was not linked to an increased cell death (Figure 2 ) for both cobalt and titanium nanoparticles. Interestingly, the greatest differences in MSC mechanical properties exposed to cobalt nanoparticles compared to control samples occurred in the first 24 hours ( Figure   6 ); with further exposure the effect of the nanoparticles appeared to decrease and after 3 days of exposure the effect of the nanoparticles was not significant, this is in line with the uptake reaching a plateau after 48 hours of exposure ( Figure 7 ). The distributions of both cell elasticity and spring constant did not exhibit a bimodal behaviour highlighting the homogeneity of MSCs response and is also correlated to the lack of dead cells, who exhibit different mechanical properties (data not shown) among the MSC population.
Cell spring constant is linked to turgidity, therefore it was expected to notice alteration in both parameters when MSC were exposed to nanoparticles. It has been noted that the elasticity of cells can only be stretched by 2-4% before the membrane ruptures [41] , [48] ; therefore, a reduction in cell elasticity must be coupled with a reduction in turgidity in order to minimise the cell volume variation. Our results ( Figure 5 and Figure 6 ) exhibited the anticipated trend that was also reported by Preedy et al. 2015 [27] for osteoblast cells.
Adhesion forces originate from interfacial interactions between contacting bodies [50] . Our results generally depicted a trend of reduction of adhesion force when exposed to nanoparticles, particularly for cobalt (Figure 8 ). This suggests that the nanoparticles can interfere with stem cell proliferation through preventing or weakening adhesion to a substrate that is the first step into stem cell growth.
Our results hint that the lower impact of titanium nanoparticles on MSC mechanical properties than cobalt nanoparticles is linked to a lower cell uptake of the former than the later ( Figure 7 ). In addition, they support the general knowledge of titanium being more biocompatible than cobalt [20] . 
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